A visualization technique of subsurface features with a nanometer-scale spatial resolution is strongly demanded. Some research groups have demonstrated the visualization of subsurface features using various techniques based on atomic force microscopy. However, the imaging mechanisms have not yet been fully understood. In this study, we demonstrated the visualization of subsurface Au nanoparticles buried in a polymer matrix 900 nm from the surface using two techniques; i.e., resonance tracking atomic force acoustic microscopy and contact resonance spectroscopy. It was clarified that the subsurface features were visualized by the two techniques as the area with a higher contact resonance frequency and a higher Q-factor than those in the surrounding area, which suggests that the visualization is realized by the variation of the contact stiffness and damping of the polymer matrix due to the existence of the buried nanoparticles.
Introduction
A nondestructive visualization technique of subsurface features with a nanometer-scale spatial resolution is strongly demanded in many scientific research fields such as nanoelectronics, nanomechanics, and life science. Atomic force microscopy (AFM) has been proven to be an excellent visualization technique for surface features and properties with a nanometer-scale spatial resolution.
Some research groups have demonstrated the visualization of subsurface features using various techniques based on AFM [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] ; i.e., ultrasonic AFM (UAFM) [6, 12] , atomic force acoustic microscopy (AFAM) [1, 8, 10] , heterodyne force microscopy (HFM) [3] [4] [5] 7, 13] , and ultrasonic force microscopy (UFM) [9] . Recently, we also reported the visualization of Au nanoparticles buried almost 1 m from the surface of a polymer matrix by HFM and AFAM [14] .
In UAFM, the cantilever base is excited at a single drive frequency (f d ) chosen near the contact resonance frequency (f c ) of the cantilever, and the cantilever oscillation at f d is detected [6, 12, 15] . On the other hand, in AFAM, the sample is excited at f d by a piezoelectric actuator underneath the sample [1, 8, 10, 16, 17] . In HFM, both the sample and cantilever base are excited at high frequencies, f 1 and f 2 , respectively, which are typically on the order of MHz, and the cantilever oscillation at the beat frequency (|f 1 -f 2 |) near f c is detected [3] [4] [5] 7, 13, 18] . On the other hand, in UFM, the actuator beneath the sample is excited by an amplitude-modulated high frequency signal with a modulation frequency (f m ) chosen near f c , and the cantilever oscillation at f m is detected [9, 19] .
Since these techniques commonly utilize the contact resonance of the cantilever with its tip in contact to the sample surface, the mechanisms of subsurface feature visualization are presumably associated with the variation in the contact resonance. The contact resonance is often characterized by the resonance frequency (f c ) and the mechanical Q-factor, which are closely related to the contact stiffness and damping [10, 17] . However, in previous reports on subsurface feature visualization except for that by Killgore et al. [10] , only the amplitude and phase at a single frequency near f c were measured, and it is difficult to separately assess the effect of the contact stiffness and damping on the imaging mechanisms. 3 To elucidate the effect of the variations in the contact stiffness and damping on the subsurface visualization mechanisms, we employed two techniques based on AFAM to visualize the buried Au nanoparticles in the polymer matrix. The first technique is resonance tracking AFAM (RT-AFAM), in which a phase-locked loop (PLL) is utilized to directly measure f c and the oscillation amplitude at the resonance during a raster scan. The setup is similar to those previously reported [20] [21] [22] , which allows us to quickly obtain information about the contact stiffness and damping independently from the f c and Q-factor channels, respectively. However, in this method, a sudden change in the surface mechanical properties can cause a shift in f c greater than the track range of the PLL [23] [24] [25] , then the PLL may not properly track f c if there are spurious resonance peaks that distort the resonance spectrum [26, 27] . A nonlinear tip-sample interaction can also cause distortion and bifurcation in the resonance spectrum [17, 28, 29] , which could be problematic for evaluating the contact stiffness and damping. Therefore, we employed another technique, AFAM contact resonance spectroscopy (AFAM-CRS), in which the amplitude and phase responses of the cantilever to a swept-sine excitation of the sample are collected at every pixel during a raster scan in order to evaluate the variations in the contact stiffness and damping in more detail as well as to confirm that the resonance spectra are not distorted. This method has been applied for the analyses of the surface viscoelastic properties [30] [31] [32] [33] [34] [35] [36] . As far as our knowledge, only one paper reported the application of this method for studying subsurface imaging mechanisms [10] . As this method provides the complete amplitude and phase data in the swept frequency range at every scanned pixel, we can reconstruct the AFAM amplitude and phase images at an arbitrary frequency in the swept frequency range.
In this paper, we show the RT-AFAM result and compare f c and the resonance amplitude on the buried Au nanoparticles and those on the surrounding area. We then present the AFAM-CRS result to compare the contact resonance spectra in these areas. Finally, we discuss the visualization mechanisms of nanoparticles buried in the soft matrix based on the AFAM-related techniques. 
Experimental

Sample preparation
A polyimide sheet (DuPont-Toray: Kapton 500V) with a thickness of 125 m was used as the substrate. The sheet was cut into a 30 mm × 30 mm piece, then cleaned in acetone and ethanol. The sheet was irradiated by UV light for 30 minutes to improve the wettability of the surface. A 10 µl droplet of aqueous citric acid solution containing Au nanoparticles of 40 nm diameter (Tanaka Kikinzoku Kogyo) was dropped onto the polyimide sheet using a microsyringe in a clean room. After 2 minutes, the supernatant solution was removed using the microsyringe and the sheet was dried in the ambient air of the clean room. A photopolymer (Dow Electric Materials: Microposit S1813G) was spin-coated as a top-coat, and annealed at 130°C for 3 minutes. The cross-sectional SEM image of the sample was shown in our previous paper [14] . The thickness of the top-coat film was estimated to be 900 nm by measuring the thickness of the film on a Si wafer prepared in the same way using a surface profiler (KLA-Tencor: P-15).
Instruments and Cantilevers
We used a commercial AFM instrument (JEOL: JSPM 4200) after some modifications to the optics and electronics [37] . We used a digital lock-in amplifier (LIA) (Zurich Instruments: HF2LI) with PLL and multi-frequency (MF) options. The sample was directly glued on the top electrode of a lead zirconate titanate (PZT) piezoelectric actuator, which was fixed on a tube scanner. We used Si cantilevers (Nanosensors: PPP-ZEILR), whose spring constants (k z ) were calibrated using Sader's method [38] . The nominal tip radius was less than 10 nm. Figure 1 shows the experimental setup for the RT-AFAM. The setup is similar to that for the RT-UAFM [20] [21] [22] . After the tip was contacted to the sample surface, we measured the amplitude and phase spectra of the cantilever for the frequency range around the contact resonance by exciting the PZT actuator using a swept-sine signal with a constant excitation amplitude. From the amplitude 5 response curve, we first identified the contact resonance frequency at the initial contact point (f c0 ) as the frequency at which the maximum oscillation amplitude was recorded. The phase difference (θ) between the cantilever deflection signal and the excitation signal at f c0 was then set to θ 0 . After that, the PZT actuator was excited by a numerically controlled oscillator (NCO) in the PLL at f c0 with a constant excitation amplitude. While the tip was raster-scanned on the sample surface, the PLL kept θ constant at θ 0 , and the shift in the contact resonance frequency from f c0 was recorded as the ∆f image. The amplitude signal (R) from the LIA was also recorded as the amplitude image. A single RT-AFAM measurement took approximately 5 min. Figure 2 shows the experimental setup for the AFAM-CRS measurements. The setup is similar to those reported earlier [30] [31] [32] [33] [34] [35] [36] . After identifying f c0 , at the initial contact point, the amplitude and phase spectra of the cantilever for the frequency range around the contact resonance were collected by exciting the PZT actuator using a swept-sine signal at every pixel, while the tip was raster-scanned. A swept-sine signal with a sweep frequency range of 25 kHz around f c0 was generated by a function synthesizer (NF: WF1974). The PLL was used to generate a synchronized swept-sine signal, which was used to excite the PZT actuator at a constant excitation amplitude, and the frequency of the NCO was set as the reference frequency in the LIA. During the frequency sweep, we recorded R, θ, and ƒ using a data acquisition device to reconstruct the contact resonance spectrum at each pixel. The data points recorded during the single sweep were 350. During the resonance spectrum measurement, it is desirable to measure the amplitude and phase responses of the cantilever in a quasi-stationary manner at each frequency in the sweep frequency range. If the sweep rate is too fast, the measured resonance spectrum is distorted [39, 40] . On the other hand, the tip-sample contact conditions may vary during a sweep at each pixel if the sweep rate is too slow and the resonance spectrum measurement takes, for example, more than one second. Therefore, we studied the relationship between the sweep time and the shape of the measured resonance spectrum, and determined the sweep time for the AFAM-CRS measurement to be 175 ms (see Appendix A). After 5ms of data saving time, the tip was moved to the next pixel, and the same procedures were repeated for 128 × 128 pixels. A single AFAM-CRS measurement took approximately 100 min.
RT-AFAM
AFAM-CRS
Results and discussion
Figures 3(a)-(c) show the topography, ∆ƒ, and R images, respectively, obtained by the RT-AFAM.
The scan area was 500 nm × 500 nm. During this measurement, the cantilever tip (k z = 1.2 N/m) was contacted to the surface with the contact force of 13.8 nN, and ƒ c0 was about 96 kHz. We found some bright spots in both the ∆ƒ and R images in the area, as indicated by the arrows "A", "B", and "C", which correspond to the subsurface Au nanoparticles. Note that no particle feature was observed at the corresponding positions in the topography. We performed the AFAM-CRS measurement in a scan area of 1 µm × 1 µm on the same 7 sample. In this measurement, a cantilever tip (k z = 1.1 N/m) was contacted to the surface with the contact force of 25.6 nN. Since we found that ƒ c0 was about 90 kHz, the start and stop frequencies were set as 75 kHz and 100 kHz, respectively. Figure 4 (a) is a reconstructed AFAM amplitude image at 91.6 kHz for an area of 500 nm × 500 nm. Topographic image is available in Appendix B. The brightness represents the amplitude at 91.6 kHz in the contact resonance spectrum recorded at each pixel. We found a few bright spots that correspond to the subsurface Au nanoparticles as we observed in the RT-AFAM images and conventional AFAM amplitude and phase images [14] . We focused on the bright spot indicated by the arrow "1" in figure 4(a). The arrow "1" indicates the pixel that appeared the brightest in the image. We extracted the frequency spectrum at pixel "1", and those at pixels "2" and "3" which were chosen on the scan line including pixel "1" with a spacing of about 135 nm as the representative pixels in the area without nanoparticles underneath. The amplitude and phase spectra of these pixels are shown in figures 4(b) and (c), respectively. The amplitude spectra on pixel "1" as well as those on pixels "2" and "3" are not skewed but almost symmetric, which allows us to use the linear approximation of the tip-sample interaction [17, 29] . Figure 4(b) shows that the frequency of the maximum amplitude on pixel "1" was about 91.5 kHz, while those on the other pixels were about 90 kHz. Figure 4 (c) also shows that the phase spectrum measured on pixel "1" was shifted in the direction of the higher frequency from those on pixels "2" and "3" by about 1.5 kHz. On the other hand, the maximum amplitude on pixel "1" was about 1.2 times greater than those of the other pixels. These results showed that the subsurface Au nanoparticle brought the contact stiffness and damping of the polymer surface higher and lower, respectively, which were consistent with the RT-AFAM results. f c image and its histogram are also available in Appendix B.
To elucidate the influence of the excitation frequency in the AFAM, we show, in figure 5 We discuss the influence of the subsurface nanoparticle on f c and the Q-factor measured on the pixels above the subsurface nanoparticle. As presented in an illustration of figure 6(a), the subsurface nanoparticle is supposed to exist just beneath the brightest pixel "1" in figure 4(a). Figure 6 (b) is a magnified AFAM amplitude image reconstructed from AFAM-CRS data at 91.6 kHz around the pixel "1", which is represented by the same colour scale bar as that of figure 5. As illustrated in figure 6(a) , the spacing of the data pixel in the scan line was 7.8 nm, and the number of pixels within the circle with a diameter of 40 nm from pixel "1" is 5. The nearest neighbour pixels on the left and right of pixel "1" are labeled as "A L " and "A R ", respectively. The next neighbour ones are labeled as "B L " and "B R ", respectively. The five pixels of interest were enclosed with the rectangle in figure   6 (b), in which a circle representing the size of the Au nanoparticles was also drawn with the centre at pixel "1". The amplitude spectra recorded on these five pixels and pixel "2" in figure 4 are shown in figures 6(c)-(h) after processing with a 5-point simple moving average filter. We fitted these amplitude spectra with that of the simple harmonic oscillator (SHO), namely R = A 0 /((1-
, where A 0 is a constant, and obtained f c and the Q-factor as the best fit parameters. We found that f c and the Q-factor of pixels "1", "A L ", and "A R " were higher than those of pixel "2", while those of pixels "B L " and "B R " were almost the same as those of the pixel "2".
Thus, the subsurface Au nanoparticle affects the contact stiffness and damping in the area whose diameter is smaller than that of the Au nanoparticle, which was consistent with our previous study [14] .
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The AFAM-CRS results again indicate that the contact stiffness and damping on the area with the Au nanoparticle underneath was higher and lower, respectively, due to the existence of the Au nanoparticles. Based on these results, we presume that the contact stiffness and damping measured by the RT-AFAM and AFAM-CRS techniques are not only determined by the surface characteristics, but affected by the Au nanoparticles buried 900 nm from the polymer surface. As all the amplitude spectra were well fitted to the SHO model, the distortion due to the nonlinear tip-sample interaction and spurious resonance peaks were negligible in the frequency range of concern. This not only affirms that the discussion based on the RT-AFAM result was valid but also allows us to estimate the variations in the elasticity of the polymer surface caused by the subsurface Au nanoparticle as follows.
We estimated the variation in the elasticity of the polymer surface caused by the subsurface Au nanoparticle. We fitted the amplitude spectra recorded at the pixels "1" and "2" in figure 4(a) with that of the cantilever whose tip at its end in contact to the surface with a spring representing contact (coshκLsinκL-sinhκLcosκL))|, where c, κ and L are a constant, the wavenumber and the length of the cantilever [22, 42] . κ can be calculated from the experimentally measured values of f c as κ = 1.8751
(f c /f 0 ) 1/2 , where f 0 is the first free resonance frequency of the cantilever and 1.8751 is the dimensionless wavenumber of the free first resonance [28] . We obtained the contact stiffness and damping as the best fit parameters; k* on the area with and without a Au nanoparticle underneath were calculated to be 42 N/m and 38 N/m, respectively, while γ on both pixels were about 3.9×10 -6 Ns/m. We use the Hertzian model, and the reduced Young's moduli (E*) is given by E* = (k* 3 /(6R t F n )) 1/2 , where R t and F n are the tip radius and normal loading force, respectively. By assuming R t of 10 nm, E* on the areas with and without Au nanoparticle underneath were calculated as 7.0 GPa and 5.9 GPa, respectively. E* is defined as 1/E* = ((1-ν t 2 )/E t + (1-ν s 2 )/E s ), where E t(s) and ν t(s) are the Young's modulus and the Poisson's ratio of the tip and the sample, respectively. By using the values of E t , ν t , and ν s of 130 GPa, 0.18 [41] , and 0.33 [43] , respectively, the Young's moduli of the areas with the nanoparticle underneath and that of the surrounding area were calculated to be 6.6
GPa and 5.5 GPa, respectively. These calculations suggest that the subsurface Au nanoparticle buried 900 nm from the surface brought the Young's modulus on the area above the Au nanoparticle about 1.2 times higher than for the area without the nanoparticle underneath. It should be noted here that by using the second contact resonance mode or higher, more elaborated tip-sample model can be used to determine k* and γ [16, 42] . We performed AFAM imaging using the second resonance and confirmed that the buried Au nanoparticles can be visualized also by the second contact resonance (see Appendix C), but we found some spurious peaks in the frequency range around the second resonance which might be caused by the oscillation of the sample and/or cantilever holders. These spurious peaks hindered the resonance tracking by RT-AFAM and the fitting of the SHO model or the theoretical AFAM amplitude spectrum to the spectrum obtained by AFAM-CRS.
In this study, we have shown that the visualization is realized by the variation in the contact stiffness and damping of the polymer matrix, namely a higher contact stiffness and lower damping, due to the existence of the buried nanoparticles underneath. However, we do consider that the subsurface visualization mechanisms are not that simple. Actually we do not think that the features buried in such a deep subsurface can be visualized for every combination of the soft matrices and nanoparticles. For example, we attempted to visualize the similar samples prepared using the Au nanoparticles stabilized with surfactant molecules and dispersed in water. Despite the other conditions being the same as those described in this paper, we could not visualize the subsurface Au nanoparticles. We presume that the subsurface nanoparticle can be visualized only if the ultrasonic oscillation of the actuator was transmitted to the tip contact area without disturbance. Therefore, the subsurface feature visualization might be difficult for the nanoparticles with a surrounding layer of gases, liquids, or low-molecular materials that could disturb the transmission of the ultrasonic oscillation to the surface area under the tip. 
Conclusions
In this study, we visualized the subsurface Au nanoparticles of 40 nm diameter buried 900 nm in a polymer matrix from the surface using RT-AFAM and AFAM-CRS techniques, and discussed the subsurface feature visualization mechanisms. Both the RT-AFAM and AFAM-CRS results suggested that the subsurface features were visualized as the area with a higher contact resonance frequency and a higher Q-factor than those in the surrounding area, which means that the visualization is realized by the higher contact stiffness and lower damping of the polymer surface due to the existence of the buried nanoparticles underneath. The subsurface Au nanoparticle affects the contact stiffness and damping in the area whose diameter was smaller than that of the Au nanoparticle. We showed that RT-AFAM and AFAM-CRS techniques are powerful tools to investigate the effect of the subsurface features on the contact stiffness and damping. We plan to investigate the contact resonance on the samples with various combinations of the soft matrix and nanoparticle buried at various depths using these techniques for a full understanding of the subsurface imaging mechanisms by the AFM techniques utilizing the contact resonance in the near future.
12
Appendix A.
Relationship between the sweep time and the shape of the measured resonance spectrum
In general, the width of the resonance peak is often characterized by the full width of the frequencies at the half maximum power (FWHM), which is now defined as h. As the Q-factor of the contact resonance is defined as Q = f c /h, we can rewrite h described as f value (91.6 kHz), which is the value at pixel "1", is apparently larger than its mean value of the histogram (90.1 kHz). These results indicate that subsurface Au particle brought large f c at the pixel "1".
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AFAM imaging using the second contact resonance
We prepare a sample with the same structure with a top-coat thickness of about 730 nm in the same way described in Section 2.1. A cantilever tip (k z = 1.1 N/m) was used for the AFAM imaging at the first and second resonance frequencies. Figure A3 filter. After contacting the tip to the sample surface, obtained the contact resonance frequency (f c0 ) at the initial contact point and phase difference (  ) between the signals of cantilever deflection and the excitation. While the tip was raster-scanned on the sample surface, the sample was oscillated with a constant amplitude using a piezoelectric actuator. The excitation frequency was controlled such that the phase difference (θ) was kept at the initial value   . The f signal (f = f -f c0 ) and amplitude signal (R) at each pixel were recorded during a raster scan. and (c) show amplitude and phase spectra, respectively, obtained by AFAM-CRS on the pixels from "1" to "3" indicated in (a).
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Figure 2
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Figure 5 were set close to second contact resonance frequency.
